An OsCEBiP/OsCERK1-OsRacGEF1-OsRac1 Module Is an Essential Early Component of Chitin-Induced Rice Immunity  by Akamatsu, Akira et al.
Cell Host & Microbe
ArticleAn OsCEBiP/OsCERK1-OsRacGEF1-OsRac1
Module Is an Essential Early Component
of Chitin-Induced Rice Immunity
Akira Akamatsu,1 Hann Lin Wong,1,3 Masayuki Fujiwara,1 Jun Okuda,1 Keita Nishide,1 Kazumi Uno,1 Keiko Imai,1,4
Kenji Umemura,2 Tsutomu Kawasaki,1,5 Yoji Kawano,1 and Ko Shimamoto1,*
1Laboratory of Plant Molecular Genetics, Graduate School of Biological Sciences, Nara Institute of Science and Technology,
8916-5 Takayama, Ikoma, Nara 630-0192, Japan
2Agricultural and Veterinary Research Laboratories, Meiji Seika Kaisha, Kohoku-ku, Yokohama 222–8567, Japan
3Present address: Universiti Tunku Abdul Rahman Jalan Universiti, Bandar Barat, 31900 Kampar, Malaysia
4Present address: Biological Laboratory, Kansai Medical University, 18-89 Hirakata, Osaka 573-1136, Japan
5Present address: Department of Advanced Bioscience, Kinki University, 3327-204 Nakamachi, Nara 631-8505, Japan
*Correspondence: simamoto@bs.naist.jp
http://dx.doi.org/10.1016/j.chom.2013.03.007SUMMARY
OsCEBiP, a chitin-binding protein, and OsCERK1, a
receptor-like kinase, are plasma membrane (PM)
proteins that form a receptor complex essential for
fungal chitin-driven immune responses in rice. The
signaling events immediately following chitin per-
ception are unclear. Investigating the spatiotemporal
regulation of the rice small GTPase OsRac1, we find
that chitin induces rapid activation of OsRac1 at the
PM. Searching for OsRac1 interactors, we identified
OsRacGEF1 as a guanine nucleotide exchange fac-
tor for OsRac1. OsRacGEF1 interacts with OsCERK1
and is activated when its C-terminal S549 is phos-
phorylated by the cytoplasmic domain of OsCERK1
in response to chitin. Activated OsRacGEF1 is re-
quired for chitin-driven immune responses and resis-
tance to rice blast fungus infection. Further, a protein
complex including OsCERK1 and OsRacGEF1 is
transported from the endoplasmic reticulum to the
PM. Collectively, our results suggest that OsCEBiP,
OsCERK1, OsRacGEF1, and OsRac1 function as
key components of a ‘‘defensome’’ critically engaged
early during chitin-induced immunity.
INTRODUCTION
Plants are static organisms constantly challenged by pathogenic
microorganisms. Lacking an adaptive immune system, plants
instead rely on innate immunity (Jones and Dangl, 2006). The
perception of microbe-associated molecular patterns (MAMPs)
by host pattern recognition receptors (PRRs) is important for
the initiation step of innate immunity. Host perception of MAMPs
induces a rapid defense response, designated MAMP-triggered
immunity (MTI), that includes calcium influx, production of reac-
tive oxygen species (ROS), and induction of defense-related
genes (Boller and Felix, 2009). Virulent pathogens are able toCell Hsuppress MTI by expressing pathogen effectors. To counter
the activity of pathogen effectors, resistance (R) proteins that
act as intracellular receptors for the perception of pathogen
effectors activate effector-triggered immunity (ETI) (Jones and
Dangl, 2006; Segonzac and Zipfel, 2011). These two layers of
defense constitute the plant innate immune system.
Chitin, found in pathogenic and nonpathogenic fungi, is one of
the best-studiedMAMPs, and chitin signaling has been analyzed
extensively in rice and Arabidopsis (Gust et al., 2012). Two lysin
motif (LysM)-containing plasma membrane proteins, OsCEBiP
and OsCERK1, are essential for chitin signaling (Kaku et al.,
2006; Shimizu et al., 2010). OsCEBiP is a receptor-like protein
with no intracellular domain and binds chitin, whereas OsCERK1
is a receptor-like kinase and does not bind chitin. These two pro-
teins form a receptor complex that transduces the chitin signal to
downstream components for immune responses (Kaku et al.,
2006; Shimizu et al., 2010; Shinya et al., 2012). In Arabidosis,
however, AtCERK1 directly binds chitin (Iizasa et al., 2010;
Petutschnig et al., 2010; Liu et al., 2012), andCEBiP-like proteins
are not involved in chitin signaling (Shinya et al., 2012; Wan et al.,
2012). Interestingly, in rice and Arabidopsis, both CERK1 recep-
tor kinase and CEBiP-like receptor proteins seem to be involved
in signaling induced by bacterial MAMPs, suggesting a general
role for CERK1 and CEBiP-like proteins as components of
receptor complexes for MAMPs (Willmann et al., 2011; Liu
et al., 2012; Gust et al., 2012). Furthermore, fungal pathogens
secrete LysM-containing effector proteins that suppress plant
immunity by binding chitin oligomers to prevent their recognition
by plant receptors (de Jonge et al., 2010; Marshall et al., 2011;
Mentlak et al., 2012).
Another rice PRR, XA21, recognizes the sulfated peptide
Ax21, which is found in all Xanthomonas species (Lee et al.,
2009). In the absence of ligand, XB24 binds XA21 and promotes
phosphorylation of Ser/Thr sites on XA21 (Chen et al., 2010b).
Upon ligand recognition, XB24 dissociates from XA21, leading
to activation of this receptor. In Arabidopsis, FLAGELLIN
SENSING 2 (FLS2) and EF-TU RECEPTOR (EFR) are receptors
for bacterial flagellin and elongation factor Tu (EF-Tu), respec-
tively (Go´mez-Go´mez and Boller, 2002; Segonzac and Zipfel,
2011). Although a number of proteins interacting with plantost & Microbe 13, 465–476, April 17, 2013 ª2013 Elsevier Inc. 465
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molecular mechanisms involved in downstream signaling are still
unclear (Chen and Ronald, 2011; Segonzac and Zipfel, 2011;
Gust et al., 2012). Recently, the receptor-like cytoplasmic kinase
OsRLCK185 was identified as an essential immediate down-
stream signaling partner of OsCERK1 (Yamaguchi et al., 2013).
The Rac/Rop small GTPases constitute a plant-specific Rho
subfamily and participate in diverse signal transduction pro-
cesses, including defense, pollen tube growth, root hair develop-
ment, ROS production, and hormone responses (Berken, 2006;
Yang and Fu, 2007; Kawano et al., 2010b). The rice small
GTPase OsRac1 is involved in MTI induced by chitin and sphin-
golipids that are derived from fungal pathogens (Ono et al., 2001;
Suharsono et al., 2002). OsRac1 regulates ROS production
through its interaction with the N-terminal region of NADPH oxi-
dase and the ROS scavenger OsMT2b (Kawasaki et al., 1999:
Wong et al., 2004, 2007). Furthermore, OsRac1 is activated by
the rice NLR family R protein Pit and is required for Pit-mediated
resistance against rice blast fungus (Kawano et al., 2010a), indi-
cating that OsRac1 is involved in both MTI and ETI. We have
proposed that OsRac1 forms a protein network, termed the
defensome network, that regulates rice innate immunity. This
network includes OsCERK1, the heat shock protein 90
(Hsp90), Hsp70, the cochaperone Hop/Sti1a, the scaffold pro-
tein OsRACK1, the lignin biosynthesis enzyme OsCCR1, and
MAPK3 and MAPK6 (Lieberherr et al., 2005; Kawasaki et al.,
2006; Thao et al., 2007; Nakashima et al., 2008; Chen et al.,
2010a; Kim et al., 2012). Although these studies indicate that
OsRac1 is a key regulator of rice immunity, the molecular mech-
anisms by which OsRac1 is activated by MAMPs are not known.
In yeast and mammals, guanine nucleotide exchange factors
(GEFs) control the activity of Rho GTPases. In plants, a family
of plant-specific Rac/RopGEFs, containing the highly conserved
plant-specific Rac/Rop nucleotide exchange factor (PRONE)
domain for GEF activity and variable N- and C-terminal regions,
are recognized (Berken et al., 2005). While these PRONE GEFs
play important roles in plant development (Duan et al., 2010;
Chen et al., 2011; Zhang and McCormick, 2007), their involve-
ment in plant defense is unknown. Recently, OsSWAP70A, a
new type of plant GEF having a DH motif homologous to human
SWAP70 GEFs for Rho GTPases, has been identified in rice
(Yamaguchi et al., 2012); however, its function in disease resis-
tance remains to be studied.
In this study, we identified a PRONE GEF for OsRac1, termed
OsRacGEF1. We show that OsRacGEF1 is rapidly activated by
chitin at the plasma membrane (PM) of rice cells, where it
interacts with OsCERK1 and regulates resistance to rice blast
fungus. We provide evidence that the C-terminal S549 of
OsRacGEF1 is phosphorylated by the cytoplasmic domain
of OsCERK1 upon chitin treatment, thereby activating
OsRacGEF1. Thus, we demonstrate that the CEBiP/CERK1-
OsRacGEF-OsRac1module plays amajor role for early signaling
in rice chitin-induced immunity.
RESULTS
OsRac1 Is Rapidly Activated by MAMPs in Rice Cells
To elucidate the spatio-temporal regulation of OsRac1 activation
in MTI, we used the Fo¨rster resonance energy transfer (FRET)466 Cell Host & Microbe 13, 465–476, April 17, 2013 ª2013 Elsevierprobe Raichu-OsRac1 (Mochizuki et al., 2001; Wong et al.,
2007; Kawano et al., 2010a), an intracellular biosensor that facil-
itates the monitoring of OsRac1 activation by elicitors in vivo.
Raichu-OsRac1 is composed of OsRac1, the CRIB motif of
human PAK1, which binds specifically to the GTP-bound form
of OsRac1, and CFP and Venus as FRET donor and acceptor
(Figures S1A and S1B available online). Raichu-OsRac1 was
previously used to reveal an interaction between OsRac1 and
RBOH (NADPH oxidase) (Wong et al., 2007) and OsRac1 activa-
tion by the rice NB-LRR-type R protein Pit in rice cells (Kawano
et al., 2010a).
To analyze OsRac1 activation by MAMPs in rice protoplasts,
we transiently expressed Raichu-OsRac1-WT and measured
the 525 nm/475 nm emission ratio. In time-lapse analysis, the
emission ratio wasmeasured at 3min intervals afterMAMP treat-
ment and used to create FRET images (Figure 1A) in which color
is correlated with emission ratio. Fluorescent signals of Raichu-
OsRac1were observed at the PM in themajority of rice cells (Fig-
ure 1A). OsRac1was previously shown to localize to the PM (Ono
et al., 2001).We found that not only chitin (Figures 1A and 1B) but
also a sphingolipid elicitor (Figures S1C–S1E) induced OsRac1
activation in rice protoplasts. Sphingolipid elicitors are compo-
nents of the cell membrane of blast fungus and have been shown
to induce the accumulation of antimicrobial compounds (phyto-
alexins), cell death, and increased resistance to infection by
compatible pathogens (Umemura et al., 2000; Suharsono et al.,
2002; Lieberherr et al., 2005). The emission ratio was low in rice
protoplasts expressing Raichu-OsRac1-WT when they were
treated with buffer or cellohexaose, an analog of chitin used as
a negative control (Figure 1C). The ratio was also low in proto-
plasts expressing Raichu-OsRac1-DN (dominant negative;
Figure S1B) even after chitin treatment but was high in proto-
plasts expressing Raichu-OsRac1-CA (constitutively active; Fig-
ure S1B) in the absence of chitin treatment (Figure 1C). Together,
these results show that OsRac1 is rapidly activated at the PM of
rice protoplasts after chitin or sphingolipid elicitor treatment.
Identification of OsRacGEF1 as an Activator of OsRac1
To identify GEF(s) for OsRac1, we performed yeast two-hybrid
screening, using as a bait a mutant OsRac1, OsRac1 D125N,
which is analogous to a Ras mutant (D119N) having lower nucle-
otide affinity and higher GEF affinity (Cool et al., 1999). We iden-
tified one PRONE-type GEF, OsRacGEF1, as a candidate GEF
for OsRac1 (Table S1). The rice genome harbors 11 genes
encoding PRONE domain proteins (Figure S2A), which have a
highly conserved PRONE domain composed of C1, C2, and
C3 subdomains and variable N and C termini (Figure S2B).
To study the function of OsRacGEF1, we first examined its
interaction with OsRac1 by yeast two-hybrid assays. The results
showed that wild-type and OsRac1 D125N interacted with
OsRacGEF1 (Figure 2A and Figure S2C). To localize the
OsRac1-binding region of OsRacGEF1, we used truncated frag-
ments of OsRacGEF1 for the assays and found that the PRONE
domain of OsRacGEF1, but not the N-terminal region (aa 1–84)
or C-terminal region (aa 457–561), interacts with OsRac1 (Fig-
ure 2A). These results are similar to those for Arabidopsis Rop-
GEF8, which binds AtRop4 through its PRONE domain (Thomas
et al., 2007). To investigate how the nucleotide-bound state
of OsRac1 influences its interaction with OsRacGEF1, weInc.
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Figure 1. Chitin Induces OsRac1 Activation in Rice Protoplasts
(A) OsRac1 activation during MTI. Time-lapse imaging of Raichu-OsRac1-WT
expressed in rice protoplasts. After chitin treatment, emission ratios were
measured at 3 min intervals; measurement times (in min) are shown for each
image. Eight colors from red to blue represent the observed range of Venus/
CFP ratios.
(B) Emission ratios (Venus/CFP) of Raichu-OsRac1-WT. Red, 0.5 mg/ml chitin
treatment; blue, W5 buffer treatment.
(C) Average FRET ratios of rice protoplasts transformed with Raichu-OsRac1-
WT, Raichu-OsRac1-CA, or Raichu-OsRac1-DN. The ratios were recorded
30–60 min after treatment with chitin, cellohexaose, and buffer treatment. For
normalization, crossover was calculated with the CFP fluorescence through
the Venus channels. Values marked by the same letters are not significantly
different from each other.
Error bars indicate the SE (p < 0.01; n > 20). See also Figure S1.
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Early Signaling in Chitin-Induced Rice Immunityperformed in vitro binding assays using bacterially produced
OsRacGEF1-His and GST-OsRac1. The results showed that
OsRac1 interacts directly with OsRacGEF1 in a nucleotide-inde-
pendent manner (Figure 2B).
We next examined the intracellular localization of OsRacGEF1
using fluorescent probes. Rice protoplasts were cotransformedCell Hwith OsRacGEF1-Venus, an endoplasmic reticulum (ER) marker,
and a PM marker in rice protoplasts and were analyzed under a
microscope. We confirmed that fusion of the C-terminal tag of
Venus to OsRacGEF1 did not affect the latter’s function in
defense gene activation (Figure S2D). OsRacGEF1-Venus local-
ized mainly to the cytoplasm, but signals were also detected at
the ER and the PM (Figure 2C). When rice protoplasts were
transformed with OsRacGEF1-Venus together with CFP-
OsRac1-WT, the two molecules clearly colocalized at the PM
(Figure 2C). We further confirmed the interaction between
OsRac1 and OsRacGEF1 in vivo using bimolecular fluorescence
complementation (BiFC) assays (Hu et al., 2002; Chen et al.,
2010a). To quantify the interactions in BiFC assays, we mea-
sured the frequency of reconstituted Venus-positive protoplasts
in each combination of constructs. When OsRac1 tagged with
the N-terminal domain (aa 1–154) of Venus (Vn-OsRac1-
WT, Vn-OsRac1-DN, and Vn-OsRac1-CA) and OsRacGEF1
tagged with the C-terminal domain (aa 155–238) of Venus
(OsRacGEF1-Vc) were coexpressed in rice protoplasts, Venus
fluorescence was clearly detected at the PM in all of these com-
binations (Figure 2D). Together, these results demonstrate that
OsRacGEF1 interacts with OsRac1 both in vitro and in vivo.
Since all of the interaction studies using fluorescent proteins in
rice protoplasts involved constructs having the 35S promoter,
we analyzed OsCERK1-Venus expression under the native
OsCERK1 promoter and found that both expression level and
localization were essentially the same as those with the 35S-
OsCERK1-Venus construct (Figure S2E). These results indicate
that 35S-driven constructs are suitable for image analysis with
rice protoplasts.
To further characterize OsRacGEF1, we purified the protein as
a recombinant GST fusion protein and determined its in vitro GEF
activity. The time-dependent dissociation of GDP from OsRac1
was enhanced by the PRONE domain of OsRacGEF1 relative
to full-length OsRacGEF1 (Figure 2E). To confirm these findings
in vivo, wemonitored activation of OsRac1 byOsRacGEF1 using
Raichu-OsRac1. The emission ratio was low in rice protoplasts
cotransformed with Raichu-OsRac1 and empty vector. It was
higher when the protoplasts were cotransformed with Raichu-
OsRac1 and wild-type OsRacGEF1 (Figure 2F). Moreover, the
PRONE domain alone enhanced the emission ratio to a greater
extent than did wild-type OsRacGEF1. These results are consis-
tent with those of the in vitro GEF assays. Because fluorescent
signals were detected at the PMof rice protoplasts, we conclude
that OsRac1 activation by the PRONE domain of OsRacGEF1
occurs at the PM of rice cells.
OsRacGEF1 Is Involved in Chitin-Triggered Immune
Responses and Resistance to Rice Blast Infection
To examine the function of OsRacGEF1 in rice immunity, we
produced transgenic rice plants in which OsRacGEF1 expres-
sion was silenced by RNA interference (RNAi; Figure S3A). In
OsRacGEF1 RNAi transgenic plants, OsRacGEF1 expression
was strongly reduced (Figure 3A). RT-PCR analyses of
OsRacGEF1messenger RNA extracted from the leaves of trans-
genic rice plants showed that, among the 11 PRONE domain
protein family members, OsRacGEF1 expression was uniquely
suppressed (Figure S3B). Since we were not able to generate
cell lines expressing OsRacGEF1 RNAi, roots of OsRacGEF1ost & Microbe 13, 465–476, April 17, 2013 ª2013 Elsevier Inc. 467
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Figure 2. OsRacGEF1 Functions as a GEF for OsRac1
(A) Yeast two-hybrid assays of OsRacGEF1 andOsRac1. Yeast growth on selective plates without histidine [His(–)] andwith 3mMaminotriazole (3-AT) indicates a
positive interaction.
(B) In vitro binding assays of OsRacGEF1 and OsRac1 with GTP, GDP, or control (free). Upper image, purified GST-tagged OsRac1 and His-tagged OsRacGEF1
were subjected to this assay with anti-GST beads and detected with anti-His antibody; lower image, silver-stained gel.
(C) Localization of OsRacGEF1 in rice protoplasts. Rice protoplasts were cotransformed with the fluorescent constructs OsRacGEF1-Venus (green), CFP-HDEL
(magenta), and SYP132-mCherry (red). Colocalization of CFP-OsRac1 and OsRacGEF1-Venus at the plasma membrane is shown (low). N, V, and ER indicate
nucleus, vacuole, and endoplasmic reticulum, respectively.
(D) BiFC assay of OsRacGEF1 andOsRac1 in rice protoplasts. Expression of these genes was driven by the CaMV 35S promoter. The graph (below) quantifies the
interaction of Vn-OsRac1 and OsRacGEF1-Vc at the PM. GUS serves as a negative control.
(E) In vitro GEF assay of OsRacGEF1. The effect of OsRacGEF1 on the time-dependent dissociation of GDP from OsRac1 in vitro was detected by [3H]-
labeled GDP.
(F) In vivoGEF assay ofOsRacGEF1 byRaichu-OsRac1 FRET sensor. The graph shows the average normalized emission ratio of rice protoplasts transformedwith
the indicated plasmids. The ratios were observed 30–60 min after treatment with chitin. For normalization, crossover was calculated with the CFP fluorescence
through the Venus channels. Values marked by the same letters are not significantly different from each other. Error bars represent the SE (p < 0.05; n > 20).
Scale bars in (C) and (D) represent 5 mm. See also Figure S2 and Table S1.
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Early Signaling in Chitin-Induced Rice ImmunityRNAi and wild-type plants were treated with chitin, and changes
in the expression of known chitin-induced genes weremonitored
by quantitative PCR (qPCR). Expression of PAL1, PBZ1,
Chitinase1, and Chitinase3 was strongly suppressed in
OsRacGEF1 RNAi plants compared to the wild-type (Figures
3B–3E).Chitin-inducedROSproductionwasmeasuredbychem-
iluminescence (Figure 3F). ROS production was strongly sup-
pressed in all three RNAi lines relative to the wild-type. When
OsRacGEF1 RNAi plants were infected with a virulent strain of
the rice blast fungus (Magnaporthe oryzae strain 2403-1, race
007), they were more susceptible than wild-type plants (Figures
3G–3I). To measure fungal growth in OsRacGEF1 RNAi plants,
we used DNA-based real-time PCR to quantify M. oryzae with468 Cell Host & Microbe 13, 465–476, April 17, 2013 ª2013 Elseviertwo sets of primers specific forM. oryzae Pot2 and rice ubiquitin
(Figure 3I). The analysis showed that the infection ratio (MgPot2/
Osubiquitin) was higher in OsRacGEF1 RNAi plants than in wild-
type plants at 6 days postinoculation (dpi), indicating that
OsRacGEF1 RNAi plants are more susceptible to blast fungus
infection than are wild-type plants. Taken together, these results
showed that OsRacGEF1 is involved in chitin-triggered immune
responses and plays a role in resistance to blast infection.
OsRacGEF1 Interacts with Pattern Recognition
Receptors at the ER and the PM
To examine the possibility that PRRs might transmit signals to
OsRac1 through OsRacGEF1, we first tested for interactionsInc.
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Figure 3. OsRacGEF1 Is Involved in the Chitin-Triggered Immune Response and Rice Blast Resistance
(A) Transcript levels of OsRacGEF1 were measured by qPCR in OsRacGEF1 RNAi plants and normalized with endogenous Ubq. Data shown are means. The
numbers indicate independent RNAi transgenic lines. Relative expression is shown (WT = 1). Error bars indicate the SE (**p < 0.01; n = 3).
(B–E) Induction of the defense-related genes PAL1 (B), PBZ1 (C), Chitinase1 (D), and Chitinase3 (E) in OsRacGEF1 RNAi and WT roots, after chitin treatment (+),
was monitored at the indicated time points with qPCR. (–), mock. Data are means (n = 3). Error bars indicate the SE.
(F) ROS production in OsRacGEF1 RNAi roots after treatment with 10 mg/ml chitin. ROS production was quantified with a luminescence image analyzer. Relative
chemiluminescence is shown (WT = 1). Error bars indicate the SE (**p < 0.01; n = 3).
(G–I) Infection assays of OsRacGEF1 RNAi plants with the compatible M. oryzae race 007.
(G) The photographs show typical phenotypes of WT and representative OsRacGEF1 RNAi plants.
(H) Quantitative analysis of lesions induced by the blast fungus was performed at 6 days postinfection. Relative lesion lengths (WT = 1) are shown with means.
Error bars indicate the SE (**p < 0.01; n > 60).
(I) Growth of the compatible M. oryzae race in OsRacGEF1 RNAi plants. Error bars indicate the SE (**p < 0.01; n > 6).
See also Figure S3.
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Early Signaling in Chitin-Induced Rice Immunitybetween PRRs and OsRacGEF1 using three rice PRRs:
OsCERK1, a component of the rice chitin receptor complex;
the rice LRR kinase OsFLS2, which is an ortholog of AtFLS2
and functions in flagellin perception (Takai et al., 2008); and
XA21. We tested their in vivo interaction with OsRacGEF1 by
coimmunoprecipitation (coIP) experiments, using rice proto-
plasts coexpressing OsRacGEF1-Venus and OsCERK1-FLAG,
OsFLS2-FLAG, or XA21-FLAG. The results showed that
OsRacGEF1 interacts with both OsCERK1 and OsFLS2 in a
MAMP-independent manner (Figures 4A and 4B). However, no
interaction was detected between OsRacGEF1 and XA21 (Fig-
ure S4A). Chitin treatment did not affect the OsCERK1-
OsRacGEF1 interaction (Figure S4B).Cell HWe further examined interactions between OsRacGEF1 and
OsCERK1 or OsFLS2 by BiFC assays (Figures 4C and 4D). In
rice protoplasts coexpressing the N-terminal half of Venus fused
to OsCERK1 and the C-terminal half fused to OsRacGEF1, the
BiFC signal was mainly localized to the PM and the ER (Fig-
ure 4C). Similar results were obtained between OsRacGEF1
and OsFLS2 (Figure 4D). We measured the frequency of recon-
stituted Venus-positive protoplasts in each combination of con-
structs and found interactions between OsRacGEF1 and both
OsCERK1 and OsFLS2 (Figures 4C and 4D, right). Moreover,
we performed yeast two-hybrid assays with the C-terminal
domain of OsRacGEF1 and the cytoplasmic domain of
OsCERK1 (Figure 4E) and found that they interact with eachost & Microbe 13, 465–476, April 17, 2013 ª2013 Elsevier Inc. 469
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Figure 4. Interaction of OsRacGEF1 with PRRs in Rice
(A and B) OsRacGEF1-Venus and OsCERK1-FLAG or OsFLS2-FLAG were transiently coexpressed in rice protoplasts. CoIP was carried out with anti-GFP (IP,
a-GFP), and the proteins were analyzed by western blot with anti-GFP antibody (IB, a-FLAG).
(C and D) BiFC assays of OsRacGEF1 and PRRs. OsRacGEF1-Vc, and OsCERK1-Vn, or OsFLS2-Vn, was used. GUS-Vc was used as a negative control. The
graphs to the right are quantitative evaluations of each BiFC pair. Scale bars represent 5 mm. Shown in (D) are yeast two-hybrid assays of the C-terminal region of
OsRacGEF1 and the cytoplasmic domain (CD) of OsCERK1. Yeast growth on selective plates without histidine [His (–)] and with 3 mM aminotriazole (3-AT)
indicates a positive interaction.
See also Figure S4.
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Early Signaling in Chitin-Induced Rice Immunityother. Interestingly, the cytoplasmic domain of OsFLS2 inter-
acted with the PRONE domain of OsRacGEF1, but not with its
C-terminal domain (Figure S4C). Together, these results demon-
strated that OsCERK1 and OsFLS2 interact with OsRacGEF1
in vivo and in vitro.
Phosphorylation of OsRacGEF1 Serine 549 Is Critical for
GEF Activity and Rice Immunity
In the Arabidopsis PRONE-type GEF AtRopGEF12, mutation of
the conserved serine 510 to a phosphomimicking residue has
been shown to overcome an autoinhibition of GEF function by
the C-terminal region (Zhang and McCormick, 2007). The C-ter-
minal region of OsRacGEF1 interacts with the PRONE domain
(Figure S2F), and full-length OsRacGEF1 showed lower GEF ac-
tivity than did the PRONE domain alone (Figures 2E and 2F).
These results indicate that the C-terminal region of OsRacGEF1
inhibits GEF activity, as shown for AtRopGEF12. Therefore, we
examined whether phosphorylation of C-terminal serine resi-
dues in OsRacGEF1 is important for releasing the C-terminal in-
hibition in vivo. We generated full-length OsRacGEF1 with point
mutations at the two conserved serine residues S480 and S549,
to phosphomimic aspartic acid (D), using site-directed mutagen-
esis. We tested whether these OsRacGEF1 mutants induced470 Cell Host & Microbe 13, 465–476, April 17, 2013 ª2013 Elsevieractivation of OsRac1 in rice protoplasts using the Raichu-
OsRac1 FRET sensor (Figure 5A). The emission ratio was high
in protoplasts transformed with OsRacGEF1 S549D or the
PRONE domain alone, but low in protoplasts transformed with
OsRacGEF1 WT or OsRacGEF1 S480D, indicating that phos-
phorylation of S549 is important for OsRac1 activation.
To investigate whether S549 phosphorylation affects rice
immunity, we produced transgenic rice cell cultures and
plants overexpressing (OX) OsRacGEF1 S549A (Figure S3A).
OsRacGEF1 expression was significantly increased in plant
numbers 19 and 21, but not in plant number 8 (Figure S3C).
Transgenic cell lines were treated with chitin, and chitin-induced
defense-related gene expression was monitored by qPCR.
Expression of PAL1, PBZ1, Chitinase1, and Chitinase3 was
strongly reduced in OsRacGEF1 S549A OX cell lines compared
to wild-type cell lines (Figures 5B–5E). Moreover, infection as-
says with the virulent strain of rice blast fungus revealed that
OsRacGEF1 S549AOX plant numbers 19 and 21weremore sus-
ceptible than wild-type plants to rice blast infection, but that line
number 8, which did not overexpress OsRacGEF1 S549A, was
not (Figures 5F–5H). Together, these results indicate that
OsRacGEF1 S549 is critical for chitin-induced immunity and
resistance to blast fungus infection.Inc.
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Figure 5. Phosphorylation of OsRacGEF1 S549 Is Critical for GEF Activity and Rice Immunity
(A) In vivo GEF assay of OsRacGEF1 S549D by Raichu-OsRac1 FRET sensor. The graph shows the average ratio of rice protoplasts transformed with the
indicated plasmids. The ratios were measured 30–60 min after treatment with chitin. Error bars indicate the SE (**p < 0.01; n > 20).
(B–E) Induction of the defense-related genes PAL1 (B), PBZ1 (C), Chitinase1 (D), and Chitinase3 (E) in OsRacGEF1 S549A and WT cultured cells, after chitin
treatment (+), was monitored at the indicated time points using qPCR. (–), mock. Data are means (n = 3). Error bars indicate the SE.
(F–H) Infection assays of OsRacGEF1 S549A OX plants treated with the compatible M. oryzae race 007.
(F) The photographs show typical phenotypes of WT and representative OsRacGEF1 S549A OX plants.
(G) Quantitative analysis of lesions induced by the blast fungus was performed at 6 dpi. Lesion lengths are shown with means. Error bars indicate the SE
(**p < 0.01; n > 60).
(H) Relative growth (WT = 1) of M. oryzae on susceptible rice cultivars. Error bars indicate the SE (**p < 0.01; n > 6).
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Early Signaling in Chitin-Induced Rice ImmunityOsRacGEF1 S549 Is Phosphorylated by OsCERK1
To test whether OsRacGEF1 S549 is phosphorylated upon
chitin treatment in rice cells, we performed mass spectrometric
analysis of OsRacGEF1 immunoprecipitated from chitin-treated
or nontreated protoplasts (Figure 6A, 6B, S5A, and S5B). S549
was the only phosphorylated residue in the C-terminal domain
(aa 457–561) of OsRacGEF1 after chitin treatment (Figure 6A).
Without chitin treatment, no phosphrylation of S549 was
detected (Figure S5B). Next, to examine whether OsRacGEF1
was phosphorylated by the intracellular protein kinase
domain of OsCERK1, we incubated the C-terminal region of
OsRacGEF1 with the intracellular domain of OsCERK1 (CD) in
the presence of 32P-labeled ATP. The results indicated that
the C-terminal region of OsRacGEF1 was phosphorylated (Fig-Cell Hure 6C), whereas the kinase-dead (KD) CD mutant K352N
had no such effect (Figure 6C). These results indicate that
OsRacGEF1 is a direct substrate of OsCERK1. To determine
whether S549 is phosphorylated by OsCERK1, we tested phos-
phorylation of the mutant OsRacGEF1 S549A. The lower level of
phosphorylation observed in OsRacGEF1 S549A than in the
wild-type suggests that S549 is phosphorylated by OsCERK1.
Furthermore, because the S549 mutant interacted with OsRac1
as wild-type OsRacGEF1 did, S549 phosphorylation does not
affect the interaction between OsRacGEF1 and OsRac1 (Fig-
ure S5B). Together, these results indicate that phosphorylation
of OsRacGEF1 S549 by the protein kinase domain of OsCERK1
results in activation of OsRaGEF1, thereby leading to OsRac1
activation.ost & Microbe 13, 465–476, April 17, 2013 ª2013 Elsevier Inc. 471
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Figure 6. Phosphorylation of OsRacGEF1 by OsCERK1 In Vitro and Chitin-Dependent Phosphorylation of OsRacGEF1 In Vivo
(A and B) Phosphorylation of OsRacGEF1 in the presence of chitin. Peptides were analyzed by liquid chromatography-tandemmass spectrometry. The identified
phosphoseryl residue is denoted as pS.
(A) Amino acid sequence of OsRacGEF1. Matched peptides are shown in red. The asterisk indicates the phosphorylation site.
(B) Mass spectrometry spectrum identifying in vivo phosphorylation sites of OsRacGEF1 peptides.
(C) Phosphorylation analysis of the C-terminal region (C-ter.) of OsRacGEF1 (left panel), and the C-terminal region of OsRacGEF1 S549A and the cytoplasmic
domain (CD) of OsCERK1 (right panel). GST alone, GST-CERK1(CD), and the C-terminal region of OsRacGEF1 were expressed in E. coli and purified. These
samples were incubated in a reaction buffer containing [g-32P] at 30C for 20 min.
See also Figure S5.
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Early Signaling in Chitin-Induced Rice ImmunityOsRacGEF1 Is Transported from the ER to the PM
through a Vesicle Trafficking Pathway
Subcellular trafficking of PRRs is important for plant immunity
(Beck et al., 2012). We showed previously that OsCERK1 is
transported from the ER to the PM through a Sar1-dependent
vesicle trafficking pathway (Chen et al., 2010a). A constitutively
active Arabidopsis Sar1 (CA-AtSar1) mutant inhibits transport
of the Golgi membrane protein AtRer1B from the ER to the Golgi
(Takeuchi et al., 2000). Since OsRacGEF1 interacts with
OsCERK1 at the ER in rice protoplasts (Figure 4C), we examined
whether localization of OsRacGEF1 is also regulated by the
COPII-mediated ER-to-Golgi trafficking pathway. We cotrans-
formed rice protoplasts with OsRacGEF1-CFP, GFP-AtRer1B,
and either WT-AtSar1 or CA-AtSar1 and examined their subcel-
lular localizations. OsRacGEF1-CFP predominantly localized to
the PM, the cytosol, and the ER, while AtRer1B-GFP was found
in Golgi-like organelles of protoplasts cotransformed with WT-
AtSar1 (Figures 7A and 7B). In contrast, in cells cotransformed
with CA-AtSar1, the AtRer1B-GFP signal was restricted to the
ER. Similarly, OsCERK1-CFP and OsRacGEF1-CFP signals472 Cell Host & Microbe 13, 465–476, April 17, 2013 ª2013 Elsevierwere only detected in the ER (Figures 7A and 7B). To study
whether OsRac1, OsRacGEF1 and OsCERK1 form a complex,
we performed coIP experiments (Figure S4D). Results suggest
that OsRac1 can possibly form a complex with OsCERK1 and
OsRacGEF1 in vivo. These and our previous results (Chen
et al., 2010a) suggest that OsRacGEF1 is transported, together
with OsCERK1 and chaperones such as Hsp90, Hsp70, and
Hop/Sti1, from the ER to the PM through a Sar1-dependent
vesicle trafficking pathway and that they form a complex with
OsRac1 at the PM.
DISCUSSION
Rapid Activation of OsRac1 at the PM
in MAMP-Triggered Immunity
Although previous studies have established that OsRac1 is
required for MTI, the spatiotemporal dynamics of OsRac1 acti-
vation during the defense response has not been investigated.
Here we showed that OsRac1 is activated at the PM of rice pro-
toplasts within 3 min after chitin treatment (Figures 1A–1C).Inc.
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Figure 7. OsRacGEF1 Is Transported from
the ER to the PM with OsCERK1 through a
Vesicle Trafficking Pathway
(A and B) OsCERK1-CFP (A) and OsRacGEF1-
CFP (B) localization patterns in the presence
of WT- or CA-AtSar1. Rice protoplasts were
cotransformed with OsCERK1-CFP (A) or
OsRacGEF1-CFP (B) and either WT-AtSar1-
Rer1B-GFP or CA-AtSar1-Rer1B-GFP. Rer1B was
used as aGolgi marker. Scale bars represent 5 mm.
N, PM, and ER indicate nucleus, plasma mem-
brane, and endoplasmic reticulum, respectively.
(C) Working model for intracellular transport of
OsRacGEF1 and chitin-induced rice immunity.
OsRacGEF1 interacts with OsCERK1 and chap-
erones at the ER, and the complex is transported
to the PM, where it forms the defensome complex
with OsRac1 (left). Upon chitin perception by
OsCEBiP, OsCEBiP dimerizes with OsCERK1 and
the OsCERK1 kinase phosphorylates S549 of
OsRacGEF1, which activates OsRac1. Activated
OsRac1 induces various downstream immune re-
sponses, leading to disease resistance.
Cell Host & Microbe
Early Signaling in Chitin-Induced Rice ImmunityChitin is one of the most common MAMPs, since it is highly
conserved in fungi (Boller and Felix, 2009; Chen and Ronald,
2011; Gust et al., 2012). Sphingolipid elicitors induce OsRac1
activation in a similar manner (Figures S1C–S1E). Sphingolipids
are components of the cell membrane of rice blast fungus, and
they induce a variety of immune responses in rice, including phy-
toalexin synthesis, MAPK activation, and PR gene expression
(Umemura et al., 2000; Suharsono et al., 2002; Lieberherr
et al., 2005). However, receptors for sphingolipid elicitors
are not known. Our results suggest that OsRac1 activation is a
general early response against various microbial pathogens
of rice.
It has been shown that phosphorylation of the plant LRR
kinase FLS2 and BAK1 is rapid, within 15 s of stimulation with
flagellin (Schulze et al., 2010). Moreover, increases in cyto-
plasmic Ca2+ concentration and OsMAPK6 activation occur
within 5 min after chitin treatment (Kishi-Kaboshi et al., 2010).
Similarly, analysis of Rac activation in nerve growth factor
(NGF)-stimulated rat cells with a Raichu-Rac FRET probe re-
vealed that Rac1 is activated within 2 min after NGF treatment
(Nakamura et al., 2005). Therefore, the rapidity with which
OsRac1 is activated by MAMPs in rice cells is consistent with
that in other signaling systems in plants and mammalian cells.
OsRacGEF1 Functions Downstream of OsCERK1
in Rice MTI
It was previously shown that the PRONE GEFs play an important
role as exchange factors for the Rac/Rop GTPase family (Berken
et al., 2005). In this study, we identified the PRONE-type
OsRacGEF1 as an OsRac1-interacting protein in a yeast two-
hybrid screen (Figure S2C and Table S1), and pull-down and
BiFC assays confirmed their interaction (Figures 2B and 2C).
Although the pull-down assays showed that OsRacGEF1 bind-
ing to OsRac1 is nucleotide independent (Figure 2B), it isCell Hpossible that OsRacGEF1 associates with OsRac1-GDP (Fig-
ures 2E and 2F). In OsRacGEF1 RNAi plants, chitin-induced
expression of PAL1, PBZ1, Chitinase1, and Chitinase3 and
ROS production were strongly suppressed (Figures 3B–3F),
and they were more susceptible than wild-type plants to rice
blast infection (Figures 3G–3I). The levels of suppression of
both chitin-induced defense gene expression and ROS produc-
tion in OsRacGEF1 RNAi plants were similar to those found in
RNAi plants of OsCEBiP (Kaku et al., 2006) and OsCERK1 (Shi-
mizu et al., 2010), suggesting that OsRacGEF1 is a major GEF
for OsRac1 during rice chitin signaling. Furthermore, OsFLS2
also interacts with OsRacGEF1 in a manner similar to that of
OsCERK1. Interestingly, however, Xa21 does not interact with
OsRacGEF1, suggesting that the components of signaling
downstream of Xa21 may be different from those of OsCERK1
and OsFLS2. In this regard, recent identification of the recep-
tor-like cytoplasmic kinase OsRLCK185, which is phosphory-
lated by OsCEK1, is interesting (Yamaguchi et al., 2013). It con-
nects with a MAP kinase cascade. Therefore, two signaling
pathways, OsRacGEF1-OsRac1 and OsRLCK185-OsMAPKs,
seem to function immediate downstream of OsCERK1 in rice
chitin-induced immunity.
OsSWAP70A, a homolog of a human DH domain-containing
GEF for Rho GTPase, was recently isolated (Yamaguchi et al.,
2012). It displays in vitro GEF activity toward OsRac1, and
SWAP70A RNAi cells showed reduced defense gene expression
and ROS production upon chitin treatment. However,
OsSWAP70A RNAi plants showed no reduction in resistance to
rice blast infection (T.K., unpublished data), and OsSWAP70A is
localized to endosomes and interacts there with OsCERK1
(A.A., unpublished data). Furthermore, the levels of suppression
of both chitin-induced defense gene expression and ROS
production in OsRacGEF1 RNAi plants were higher than
those in OsSWAP70A RNAi plants. These results suggest thatost & Microbe 13, 465–476, April 17, 2013 ª2013 Elsevier Inc. 473
Cell Host & Microbe
Early Signaling in Chitin-Induced Rice ImmunityOsRacGEF1 is a primary GEF for OsRac1, functioning at the PM
during MTI.
While plant PRRs have long been studied, their downstream
signaling pathways are unclear (Boller and Felix, 2009; Segonzac
and Zipfel, 2011; Schwessinger and Ronald, 2012). OsRacGEF1
interacts with OsCERK1 at the PM (Figures 4A and 4C). Since the
OsCERK1-OsRaGEF1 interaction is chitin independent (Fig-
ure 4A), it is likely that when OsCEBiP perceives chitin, it inter-
acts with the OsCERK1-OsRacGEF1complex at the PM. Our
BiFC and coIP experiments indicate that OsRacGEF1 also
interacts with the flagellin receptor OsFLS2 (Figures 4B and
4D) (Takai et al., 2008).
Trafficking of OsRacGEF1 with OsCERK1
Hop/Sti1 and Hsp90 are required for efficient transport of
OsCERK1 from the ER to the PM via a pathway that depends
on Sar1 in rice (Chen et al., 2010a). The cytoplasmic and PM
localization of the PRONEGEF family has recently been reported
(Zhang andMcCormick, 2007; Chen et al., 2011). Our analysis of
OsRacGEF1-Venus showed that it is localizedmainly in the cyto-
plasm, the PM, and the ER (Figure 2A). Furthermore, BiFC anal-
ysis revealed that OsRacGEF1 interacts with PRRs at the ER and
the PM (Figure 4B). These results, together with our previous
study (Chen et al., 2010a), suggest that OsRacGEF1 is part of
a protein complex consisting of OsCERK1 and Hsp90 and other
chaperones and that the complex is transported from the ER to
the PM.
OsCERK1, OsRacGEF1, and OsRac1 Are Key
Components of the Defensome in Rice Immunity
OsCERK1 interacts with CEBiP, which binds chitin with its extra-
cellular LysM motifs (Kaku et al., 2006; Shimizu et al., 2010).
However, events after chitin perception have not yet been
studied. In Arabidopsis, CERK1 forms a homodimer after chitin
perception, and this dimerization is critical for its activation (Liu
et al., 2012), but CEBiP homologs are not involved in chitin
signaling (Shinya et al., 2012; Wan et al., 2012). Downstream
components phosphorylated by CERK1 in rice or Arabidopsis
remain unidentified. In Arabidopsis flagellin signaling, FLS2
associates with the LRR receptor kinase BAK1 in a flagellin-
dependent manner (Chinchilla et al., 2007), and intracellular
signaling is initiated by transphosphorylation of FLS2 by BAK1
(Schulze et al., 2010).
In this study, we showed that OsRacGEF1 S549 is phos-
phorylated by the cytoplasmic kinase of OsCERK1 upon chitin
treatment (Figures 6 andS5). Furthermore, theS549Dmutation in
OsRacGEF1 induced OsRac1 activation, as did the OsRacGEF1
PRONE domain. Interestingly, the closest Arabidopsis ortholog
of OsRacGEF1 is AtRopGEF1; their C-terminal amino acid se-
quences are highly conserved, and OsRacGEF1 S549 seems
to be conserved in AtRopGEF1 (Figure S5D). Collectively, our
results suggest that the OsCEBiP/OsCERK1-OsRacGEF1-
OsRac1 module plays an important role in chitin-induced immu-
nity. We found that two distinct types of PRR, OsCERK1 and
OsFLS2, interact with OsRacGEF1 (Figures 4A and 4B).
Although it has not yet been identified, a receptor for sphingolipid
elicitor could interact with OsRacGEF1, since OsRacGEF1 acti-
vates OsRac1 at a rate similar to that observed in chitin signaling
(Figures S1C–S1E).474 Cell Host & Microbe 13, 465–476, April 17, 2013 ª2013 ElsevierOur previous studies showed that OsCERK1 forms a protein
network, the defensome network, with OsRac1 and Hop/Sti1a-
Hsp90-Hsp70 chaperones at the PM (Thao et al., 2007; Wong
et al., 2007; Nakashima et al., 2008; Chen et al., 2010a). OsRac-
GEF1 is also present in this network, and its phosphorylation by
OsCERK1 probably occurs there (Figure 7C). Once OsRac1 is
activated in response to chitin, it transduces signals to various
downstream signaling components: NADPH oxidase (Rboh) for
ROS production, CCR1 for lignin synthesis, MAPK cascades,
and RAI1 transcription factor all function downstream of OsRac1
in rice MTI (Figure 7C) (Lieberherr et al., 2005; Kawasaki et al.,
2006;Wong et al., 2007; Kim et al., 2012). Biochemical character-
ization of the defensome suggests that it is an 350 kDa protein
complex present in proximity to the plasma membrane, and that
it contains OsCERK1, OsRacGEF1, OsRac1, and chaperones
(Chen et al., 2010a) (K.S., unpublished data). Our previous finding
that OsRac1 is activated by an NB-LRR-type R protein suggests
that OsRac1 is also involved in ETI (Kawano et al., 2010a).
Whether OsRacGEF1, too, is involved in ETI remains to be stud-
ied, but our unpublished study suggests that there are two types
ofdefensomecomplex forMTI andETI and that theyshareseveral
protein components such as OsRac1 and chaperones (K.S., un-
published data). The OsCEBiP/OsCERK1-OsRacGEF1-OsRac1
module identified in this study might therefore be the central
component of the defensome specifically involved in rice MTI.
EXPERIMENTAL PROCEDURES
FRET Analysis
In Raichu-OsRac1, the donor and acceptor n˜uorophores and the two interact-
ing proteins are all included in the same molecule. Therefore, the molar ratios
of the individual units are the same irrespective of expression level. This
reduces errors caused by differences in the levels of donor and acceptor
n˜uorophores (Wong et al., 2007). For making the Raichu-OsRac1 construct,
two sequences for localization signals, the posttranslational modification site
with a farnesyl moiety, and the polybasic region of the original Raichu-HsRac1
vector (Mochizuki et al., 2001) were replaced by those of OsRac1 (Wong et al.,
2007; Kawano et al., 2010a).
Rice protoplasts were transformed with Raichu-OsRac1 using polyethylene
glycol (PEG) solution (Chen et al., 2010a). Ten to 12 hr after transformation, the
cells were imaged with an Olympus IX-81 inverted microscope with a
Yokogawa CSU22 confocal scanner, equipped with an EM-CCD C9100-02
cooled charge-coupled device camera (Hamamatsu Photonics). Raichu-
OsRac1 was excited with a 440 nm diode laser (iFLEX 2000, Point Source).
The CFP and Venus filters were 480 ± 15 nm and 535 ± 20 nm, respectively.
Background fluorescence was subtracted, and FRET efficiency was calcu-
lated according to published procedures (Sorkin et al., 2000).
Chitin Treatment and Quantitative Real-Time PCR Analysis
Cultured rice cells, protoplasts, and roots were treated with 10 mg/ml chitin
(hepta-N-acetylchitoheptaose; Sigma) or W5 buffer (154 mM NaCl, 125 mM
CaCl2, 5 mM KCl, 2 mM MES [pH 5.7]) as a negative control and were
harvested at the indicated times after treatment. Total RNA was extracted
with an RNeasy Plant Mini Kit (QIAGEN) and treated with DNase I (Invitrogen).
Complementary DNA (cDNA) was synthesized from 1 mg total RNA with
SuperScript II reverse transcriptase (Invitrogen). Quantitative real-time PCR
was performed with samples of cDNA and standard plasmids with SYBR
Green PCR master mix (Applied Biosystems) and the gene-specific primers
listed in Table S2. Data were collected with the ABI PRISM 7000 sequence
detection system according to the manufacturer’s instructions.
Quantification of ROS
For measurement of ROS, rice roots were cut and placed into white 96-well
plates (Greiner Bio-one). The W5 buffer was removed and replaced with freshInc.
Cell Host & Microbe
Early Signaling in Chitin-Induced Rice Immunitymedium containing 0.5 mM L-012 (Wako Chemicals) and 10 mg/ml chitin
elicitor (hepta-N-acetylchitoheptaose; Sigma). Chemiluminescence was
monitored at 160 min after chitin treatment with a LAS-4000 Mini Luminescent
image analyzer (GE Healthcare).
Mass Spectrometric Analysis
Protein bands excised from a Flamingo (BioRad)-stained SDS gel were
excised and subjected to in-gel digestion with trypsin (Fujiwara et al., 2009).
The digested peptides were loaded onto an L-Column (100 mm internal diam-
eter, 15 cm; CERI) with a ParadigmMS4 HPLC pump (Michrom BioResources)
and an HTC-PAL autosampler (CTC Analytics), and the eluted peptides were
introduced into a LTQ-Orbitrap XL mass spectrometer (Thermo Scientific,
Bremen, Germany). The tandem mass spectrometry spectra were compared
against databases in National Center for Biotechnology Information with the
Mascot server. The peak data of phosphopeptides were confirmed manually.
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